Metabotropic GABA B receptor is a G protein-coupled receptor (GPCR) that mediates slow and prolonged inhibitory neurotransmission in the brain. It functions as a constitutive heterodimer composed of the GABA B1 and GABA B2 subunits. Each subunit contains three domains; the extracellular Venus flytrap module, seven-helix transmembrane region and cytoplasmic tail. In recent years, the three-dimensional structures of GABA B receptor extracellular and intracellular domains have been elucidated. These structures reveal the molecular basis of ligand recognition, receptor heterodimerization and receptor activation. Here we provide a brief review of the GABA B receptor structures, with an emphasis on describing the different ligand-bound states of the receptor. We will also compare these with the known structures of related GPCRs to shed light on the molecular mechanisms of activation and regulation in the GABA B system, as well as GPCR dimers in general.
Introduction
First discovered in 1979 by Dr. Norman Bowery (Bowery et al., , 1980 ; , metabotropic gamma-aminobutyric acid (GABA) type B (GABA B ) receptor is found on both ends of synapses throughout the central nervous system, playing a vital role in inhibitory neurotransmission (Bowery et al., 1980 (Bowery et al., , 1987 Chu et al., 1990) . It is one of two types of cell surface receptors that are activated by the neurotransmitter GABA. While GABA type A (GABA A ) receptor is a ligand-gated ion channel that mediates large and quick neuronal inhibition (Macdonald and Olsen, 1994) , GABA B receptor is a G protein-coupled receptor (GPCR) that acts slowly and maintains the inhibitory tone Bowery et al., 2002) . The delayed action of GABA B receptor results from relying on a second Abbreviations: GPCR, G protein-coupled receptor; VFT, Venus flytrap; TM, transmembrane; PAM, positive allosteric modulator; NAM, negative allosteric modulator.
messenger, G protein, to mediate its response Bowery et al., 2002) . The GABA B receptor signaling pathways involve one of three effector proteins: voltage-gated Ca 2þ channels, G protein-activated inwardly-rectifying K þ channels (GIRK), and adenylyl cyclase Bowery et al., 2002) . The downstream effects of GABA B receptor include blocked neurotransmitter release and hyperpolarization of neurons Bowery et al., 2002) . GABA B receptor is associated with brain and behavioral diseases, including epilepsy, spasticity, anxiety and neuropathic pain Bowery et al., 2002; Froestl, 2010) . Baclofen, a clinical drug and selective GABA B receptor agonist, is used to treat muscle spasticity in patients with multiple sclerosis, cerebral palsy, and spinal cord injury Bowery et al., 2002; Froestl, 2010) . Knowledge of the GABA B receptor structure has provided a detailed understanding of how current drugs act on the receptor, and will facilitate the design of better candidates for desired regulation.
GABA B receptor is an obligatory heterodimer, with two subunits specialized for different functions (Jones et al., 1998; Kaupmann et al., 1998; Kuner et al., 1999; Martin et al., 1999; Ng et al., 1999; White et al., 1998) . The first subunit, known as GABA B1 , binds orthosteric ligands (Kaupmann et al., 1997; Malitschek et al., 1999) , while the second, GABA B2 , couples with G protein Galvez et al., 2001; Havlickova et al., 2002; MargetaMitrovic et al., 2001; Monnier et al., 2011; Pin et al., 2004a; Robbins et al., 2001 ). In addition, a subfamily of the potassium channel tetramerization-domain (KCTD) proteins interact with GABA B2 , and act as auxiliary subunits of the receptor to modulate the kinetics of G protein signaling (Bartoi et al., 2010; Schwenk et al., 2010) .
Each GABA B receptor subunit consists of three domains: an Nterminal extracellular domain, a seven-helix transmembrane (TM) domain, and a cytoplasmic tail (Pin and Bettler, 2016) (Fig. 1A) . Of these domains, three-dimensional structures have been solved for the extracellular domain and a fragment of the intracellular domain (Blein et al., 2004; Burmakina et al., 2014; Geng et al., 2012 Geng et al., , 2013 . The ectodomain structure has also been determined in multiple conformations, allowing us to describe the heterodimer interfaces, receptor-ligand interactions, and conformational changes associated with receptor activation (Geng et al., 2013) . What remains unknown is the conformational dynamics of GABA B receptor TM domain, and how the individual domains function in an intact receptor. The structures of the full-length receptor in multiple functional states would be required to address these questions.
Currently, additional insights on GABA B receptor function can be obtained by examining the comparable structures within its related group of GPCRs, called the class C family. GPCRs are divided into four main classes (A, B, C and F) based on the sequence homology of their TM domains (Lagerstrom and Schioth, 2008) . Class C GPCRs mediate key biological phenomena, including excitatory and inhibitory neurotransmission, calcium homeostasis, taste and smell (Pin et al., 2003 (Pin et al., , 2004b . The class C GPCRs are unique in that they require dimerization to function (Pin et al., 2003 (Pin et al., , 2004b . Within this family, GABA B receptor and taste receptors (TAS1R) are obligatory heterodimers (Jones et al., 1998; Kaupmann et al., 1998; Kuner et al., 1999; Nelson et al., 2001 Nelson et al., , 2002 White et al., 1998) . While metabotropic glutamate (mGlu) receptors and calcium-sensing (CaS) receptor are traditionally considered to function as homodimers (Bai et al., 1998; El Moustaine et al., 2012; Okamoto et al., 1998; Pidasheva et al., 2006; Ray et al., 1999; Romano et al., 1996; Tsuji et al., 2000; Ward et al., 1998; Zhang et al., 2001) , they have recently been discovered to assemble into heterodimers with other class C and class A GPCRs (Doumazane et al., 2011; Gama et al., 2001; Gonzalez-Maeso et al., 2008; Moreno Delgado et al., 2017; Pandya et al., 2016; Yin et al., 2014) . Like GABA B receptor, each class C receptor is characterized by a large extracellular domain in addition to the canonical seven-helix TM domain (Pin et al., 2003 (Pin et al., , 2004b (Fig. 1B) . This extracellular domain has 500e600 amino acids, and contains the orthosteric ligand-binding site (Pin et al., 2003 (Pin et al., , 2004b . As of now, no full-length structure of any of these receptors has been solved, but structural information is available for the ectodomains of several family members (Blein et al., 2004; Geng et al., 2013 Geng et al., , 2016 Geng et al., , 2012 Kunishima et al., 2000; Muto et al., 2007; Nuemket et al., 2017; Tsuchiya et al., 2002; Zhang et al., 2016) as well as the TM domains of two mGlu receptor subtypes (Christopher et al., 2015; Dore et al., 2014; Wu et al., 2014) . In this review, we will summarize our current knowledge of GABA B receptor structure, and compare it with the known structures of class C GPCRs.
Extracellular domain architecture
The extracellular region of GABA B receptor exists in a heterodimeric configuration regardless of interactions within the rest of the protein (Geng et al., 2012; Liu et al., 2004; Nomura et al., 2008) . The extracellular domains of the GABA B1 and GABA B2 subunits are each primarily composed of a Venus flytrap (VFT) module (Pin and Bettler, 2016) (Fig. 1A) . The structure earns its moniker by resembling the Venus flytrap plant. In addition, molecular cloning identified two main isoforms of the GABA B1 subunit (Kaupmann et al., 1997) : GABA B1a , found predominantly in the presynaptic terminal, and GABA B1b , associated with the postsynaptic terminal (Billinton et al., 1999; Gassmann and Bettler, 2012; Kaupmann et al., 1997) (Fig. 2A) . These isoforms differ by the presence of two complement control protein (CCP) modules, or sushi domains, in the N-terminus of GABA B1a , but otherwise perform the same ligand-binding function through an identical VFT region (Blein et al., 2004; Hawrot et al., 1998; Kaupmann et al., 1997) . The first CCP module of GABA B1a is not compactly folded according to various biophysical measurements such as circular dichroism (CD) spectroscopy (Blein et al., 2004) . In contrast, the structure of the second CCP has been solved by nuclear magnetic resonance (NMR) spectroscopy, and shows a well-ordered barrel-like architecture that is stabilized by disulfide bridges (Blein et al., 2004) (Fig. 2B) . The CCP domains are attached to proteins containing axonalsorting signals to localize GABA B1a to the axon terminal (Biermann et al., 2010) .
The crystal structures of a heterodimeric complex of GABA B1b VFT and GABA B2 VFT have been solved by x-ray crystallography (Geng et al., 2013) . Within each complex, the two subunits bind in a side-by-side manner while facing opposite directions, as if they are "dancing cheek-to-cheek" (Fig. 3) . The VFT module of each GABA B receptor subunit contains two domains or lobes, LB1 and LB2, with LB1 resting atop LB2 and reaching further into the extracellular space (Figs. 1A and 3 ). These domains are joined by three loops on a single end to form a VFT-like configuration that can oscillate between open and closed conformations. The VFT module is a shared structural feature among all class C GPCRs (Pin et al., 2003) . It is also found in bacterial periplasmic binding proteins (Sack et al., 1989) and ionotropic glutamate receptors Karakas et al., 2009; Kumar et al., 2009) .
In addition, x-ray imaging has resolved the dimeric extracellular region in various ligand-bound states: ligand-free, in complex with six different antagonists and in complex with two different agonists (Geng et al., 2013) . The apo-and antagonist-bound structures have nearly identical conformations and represent the receptor in the resting state. The agonist-bound structures correspond to the active receptor state.
GABA B1 and GABA B2 display different conformational dynamics consistent with their distinct functional roles. It is within the interdomain crevice of GABA B1 VFT that orthosteric ligands bind (Kaupmann et al., 1997; Malitschek et al., 1999) (Figs. 3 and 4) . Binding of an agonist causes the GABA B1b VFT to close 29 compared with the inactive state (Geng et al., 2013) . On the other hand, GABA B2 VFT is not involved in ligand recognition, despite a sequence homology of 33% with GABA B1b VFT (Kniazeff et al., 2002) . As a result, the GABA B2 VFT is perpetually vacant and its interdomain cleft remains open (Geng et al., 2012 (Geng et al., , 2013 . Despite these differences, both subunits cooperate with each other to perform signal activation. The inactive structures indicate that GABA B1b and GABA B2 subunits attach at the N-terminal LB1 domain through noncovalent interactions (Geng et al., 2013 ). This Full-length GABA B receptor models were constructed using the extracellular VFT structures of human GABA B receptor (inactive: apo form, PDB code: 4MQE; active: agonist Rbaclofen-bound, PDB code: 4MS4), the TM domain structure of mGlu1 (PDB code: 4OR2), and the intracellular coiled-coil structure of human GABA B receptor (PDB code: 4PAS). interface is largely conserved in the active state, suggesting that the LB1-LB1 interaction mostly serves to facilitate heterodimer formation.
Based on the extracellular domain structures, we can infer that the dimer arrangement of GABA B receptor will undergo substantial changes upon receptor activation (Geng et al., 2013) . First, agoniststimulated closure of GABA B1 VFT would cause an upward rotation of its LB2 domain, coupled with an inward movement toward its GABA B2 counterpart. Second, the LB2 domain of GABA B2 subunit would also twist toward its GABA B1 counterpart, resulting in the formation of a novel interface that is sustained by polar contacts between the LB2 domains of both VFTs. The LB2-LB2 interaction allows GABA B2 VFT to stabilize the closed conformation of GABA B1 VFT, thus enhancing receptor activity. The importance of LB2-LB2 association is demonstrated by experiments where insertion of a large glycan at this interface prevents agonist-induced receptor activation . Furthermore, locking this LB2-LB2 interface through a disulfide bond is sufficient to confer constitutive activity to the receptor (Geng et al., 2013) . These observations indicate that the LB2-LB2 interface found in the active-state GABA B1b VFT-GABA B2 VFT structure is physiologically relevant. However, the interface is not unbreakable, thereby allowing the receptor to return to its resting state. Structural observations suggest that GABA B receptor exists in a dynamic equilibrium between inactive and active conformations (Geng et al., 2013) , like other GPCRs including b 2 -adrenergic receptor (Rosenbaum et al., 2011) .
Finally, the conformational changes reduce the distance between the C-termini of the two VFT modules. The decrease in the separation between VFTs is expected to be sensed by the TM domains.
Orthosteric ligand recognition
The ligand-binding subunit GABA B1 has its active and closed conformation stabilized by an agonist bound to VFT. In contrast, an antagonist would limit the receptor subunit to an inactive and open conformation. The open or closed configuration of GABA B1 VFT also determines whether the ligand in its interdomain crevice is exposed to the surrounding solvent, and could potentially influence the on-and off-rate of ligand binding.
The orthosteric ligands of GABA B receptor are usually derivatives of GABA (Bowery et al., 2002; Froestl, 2010) . Antagonists also feature a bulky substituent at either end that hinders closure of GABA B1 VFT (Geng et al., 2013) (Fig. 4A and B) . Antagonists bind to LB1 domain via an interface composed primarily of hydrogen bonds. A majority of the antagonists studied, such as S-2-OHsaclofen, do not interact with the lower LB2 lobe at all. Two exceptions are CGP54626 and SCH50911, which manage to form direct contact with Trp278 on LB2 (Geng et al., 2013) . Antagonists that maintain this interaction have stronger binding affinity than other candidates (Froestl, 2010; Geng et al., 2013) . The role of LB2 in variable antagonist affinity makes it an important domain to consider when determining antagonist selectivity for pharmacological purposes.
GABA and the clinical drug R-baclofen are among the bestunderstood GABA B receptor agonists (Bowery et al., 2002; Froestl, 2010 ). An agonist closes the groove of GABA B1 by interacting with both LB1 and LB2 domains of the VFT (Geng et al., 2013) (Fig. 4C and  D) . The two ends of an agonist are each held by a network of hydrogen bonds. An identical set of LB1 residues mediate the binding of agonists and antagonists. However, only agonists interact with both LB2 residues Tyr250 and Trp278. The difference between GABA and R-baclofen-bound GABA B1 is a complete flip of the indole ring found in Trp278, indicating that the orthosteric ligand-binding site of GABA B receptor exhibits plasticity and can accommodate various agonist structures without altering ligand affinity (Fig. 4E) .
The interdomain cleft of VFT is also the orthosteric ligandbinding site of all class C GPCRs (Kniazeff et al., 2011) . These receptors have evolved an affinity for amino acids and their analogs (Bowery et al., 2002; Chandrashekar et al., 2006; Conigrave and Hampson, 2010; Conigrave and Ward, 2013; Froestl, 2010; Kniazeff et al., 2011; O'Hara et al., 1993) . This is true even in the case of CaS receptor. Although it is traditionally held that Ca 2þ is the principal agonist of CaS receptor, recent research shows that the VFT cleft of activated CaS receptor is solely occupied by an L-amino acid, L-Trp, instead of Ca 2þ (Geng et al., 2016) . Indeed, Ca 2þ and Lamino acids serve as co-agonists to jointly trigger CaS receptor response (Geng et al., 2016) . The class C receptors also share a common agonist-binding mode. In all cases, an agonist induces VFT closure by forming intermolecular bonds with surface residues in both the LB1 and LB2 domains (Geng et al., 2013 (Geng et al., , 2016 Kunishima et al., 2000; Muto et al., 2007; Nuemket et al., 2017; Tsuchiya et al., 2002; Zhang et al., 2016) . Key agonist-binding residues are conserved among the class C receptors. For example, a conserved Ser residue is responsible for anchoring the carboxylate of endogenous agonist in GABA B , mGlu, CaS and TAS1R2/TAS1R3 receptors (Geng et al., 2013 (Geng et al., , 2016 Kunishima et al., 2000; Muto et al., 2007; Nuemket et al., 2017; Tsuchiya et al., 2002; Zhang et al., 2016 ). An antagonist, on the other hand, depends on its bulky size to obstruct VFT closure, thereby keeping the receptor in its open conformation (Geng et al., 2013; Tsuchiya et al., 2002) .
Allosteric ligand recognition
Like other class C GPCRs, the activity of GABA B receptor can be regulated by allosteric modifiers Conn et al., 2009; Kniazeff et al., 2011; Pin and Prezeau, 2007; Urwyler, 2011) . These ligands usually fall under three categories: positive, negative and neutral. Positive allosteric modulators (PAMs) increase the efficacy of orthosteric ligands, while negative allosteric modulators (NAMs) decrease it Conn et al., 2009; Kniazeff et al., 2011; Pin and Prezeau, 2007; Urwyler, 2011) . At the same time, neutral or silent allosteric modifiers (SAMs) compete with PAMs and NAMs for specific allosteric sites, but do not alter receptor activity (Conn et al., 2009; Engers and Lindsley, 2013; Gregory et al., 2011; Urwyler, 2011) .
The first PAM of GABA B receptor, CGP7930, was discovered through drug screening (Urwyler et al., 2001) . Since then, PAMs with different structural folds and improved potency have been developed, including GS39783, rac-BHFF, and BHF177 (Guery et al., 2007; Malherbe et al., 2008; Urwyler et al., 2003) . Recently, a NAM called CLH304a, was reported to non-competitively inhibit GABA B receptor signaling . A neutral allosteric modulator of GABA B receptor has yet to be discovered.
Studies employing mutations and chimeric receptors indicate that the known allosteric modulators of GABA B receptor bind within the TM domain of the G protein-coupling subunit, GABA B2 (Binet et al., 2004; Dupuis et al., 2006; Sun et al., 2016) . Most PAMs do not activate full-length GABA B receptor on their own, but enhance the receptor response initiated by an agonist within the VFT Kniazeff et al., 2011; Pin and Prezeau, 2007; Urwyler, 2011) . Nevertheless, PAMs have been shown to induce G protein coupling when the extracellular domain of GABA B receptor is excised, implying that the unbound ectodomain constitutively maintains the inactive conformation of the receptor TM region (Binet et al., 2004) . Fluorescence resonance energy transfer (FRET) experiments further revealed that the main GABA B receptor PAMs CGP7930, GS39783 and rac-BHFF differ in their modes of action, with CGP7930 and rac-BHFF displaying intrinsic agonist activity . However, the molecular basis of this variety of mechanisms is unknown since the PAM-binding site within the GABA B2 TM domain remains uncharacterized. On the other hand, the NAM CLH304a performs the opposite function, suppressing receptor stimulation by a GABA B receptor agonist . It also displays inverse agonist property by decreasing the basal activity of the receptor (Sun et al., 2016) .
In addition to allosteric interactions within the GABA B2 TM domain, GABA B receptor has been shown to be susceptible to allosteric modification by extracellular Ca 2þ bound within the GABA B1 VFT module (Galvez et al., 2000; Wise et al., 1999) . Ca 2þ increases the affinity of GABA to the receptor, and enhances G protein activation as a result (Galvez et al., 2000; Wise et al., 1999) . However, the allosteric effect of Ca 2þ is not observed for baclofen (Galvez et al., 2000; Wise et al., 1999) . Although mutational analysis points to a Ca 2þ -binding site within the GABA B1 VFT (Galvez et al., 2000; Wise et al., 1999) , Ca 2þ ion has yet to be identified in the known crystal structures of GABA B receptor extracellular domain (Geng et al., 2013) . The allosteric site of class C receptors is generally located on the extracellular side of the TM domain Christopher et al., 2015; Dore et al., 2014; Gregory et al., 2011; Harpsoe et al., 2017; Kniazeff et al., 2011; Pin and Prezeau, 2007; Urwyler, 2011; Wu et al., 2014) . Recently, crystal structures of mGlu1 and mGlu5 TM domains have been solved, each in the presence of a NAM (Christopher et al., 2015; Dore et al., 2014; Wu et al., 2014) . These structures reveal that the NAMs for mGlu1 (FITM) and mGlu5 (mavoglurant; HTL14242 and its analogue) have overlapping but distinct binding pockets, with the mGlu5 modulators bound deeper into the TM core (Christopher et al., 2015; Dore et al., 2014; Wu et al., 2014) . In addition, the FITM-binding site is analogous to the orthosteric ligand-binding site of class A GPCRs (Rosenbaum et al., 2009; Wu et al., 2014) .
Previous mutagenesis studies indicate that different allosteric modifiers of a particular class C GPCR often occupy similar spaces and bind to an overlapping set of residues, as mutations that decrease the binding of one modifier can also hinder others (Conn et al., 2009; Gregory et al., 2011; Jensen and Brauner-Osborne, 2007; Urwyler, 2011) . Furthermore, many of the known PAMs and NAMs of class C receptors share a common site within the overlapping FITM/mavoglurant binding pocket that is enclosed by TM helices 2, 3, 5, 6 and 7 (TM2, TM3, TM5, TM6 and TM7) (Christopher et al., 2015; Conn et al., 2009; Dore et al., 2014; Gregory et al., 2011; Harpsoe et al., 2017; Jensen and Brauner-Osborne, 2007; Kniazeff et al., 2011; Pin and Prezeau, 2007; Urwyler, 2011; Wu et al., 2014) . At the same time, class C TM domains are known to possess regions that serve as distinct binding sites for specific allosteric modulators (Conn et al., 2009; Gregory et al., 2011; Jensen and BraunerOsborne, 2007; Urwyler, 2011) . It has been shown that CPPHA, a PAM of mGlu5, binds within the TM domain at an unrelated site from most known mGlu5 allosteric modulators . In another example, CaS receptor contains separate allosteric sites within its TM domain for phenylalkylamines like the PAM Calindol, and structurally different molecules like the NAM 'BMS compound 1' (Arey et al., 2005; Hu et al., 2006; Jensen and Brauner-Osborne, 2007) .
Allosteric modulators are attractive drug candidates because of their potential for adjusting receptor action without risking side effects from full activation or complete inhibition (BraunerOsborne et al., 2007; Christopoulos, 2002; Kniazeff et al., 2011; Pin and Prezeau, 2007; Urwyler, 2011) . The various PAMs of GABA B receptor have shown therapeutic effects in pre-clinical studies on anxiety , depression , and drug addiction (Filip and Frankowska, 2007; Lhuillier et al., 2007; Mombereau et al., 2004; Slattery et al., 2005; Smith et al., 2004; Sturchler et al., 2017) . Furthermore, these allosteric modulators lack the muscle-relaxing and sedative effects associated with the orthosteric drug baclofen (Kniazeff et al., 2011; Pin and Prezeau, 2007; Urwyler, 2011) . These side effects also limit the use of baclofen in behavioral pharmacological studies and help to further research interests in PAMs and NAMs ( Dalvi and Rodgers, 1996) . However, detailed receptor-allosteric modulator interactions still await structural elucidation of GABA B receptor TM domain.
Trafficking control
The intracellular domain of GABA B receptor controls the surface expression of the intact receptor (Margeta-Mitrovic et al., 2000) . The GABA B1 subunit is retained inside the cell when expressed alone (Couve et al., 1998) , and is only transported to the cell surface when it is chaperoned by GABA B2 in a heterodimeric pair (MargetaMitrovic et al., 2000; Pagano et al., 2001) . Recently it has been discovered that the endoplasmic reticulum (ER) membrane protein, PRAF2, directly binds to GABA B1 , and is responsible for trapping the subunit within the ER (Doly et al., 2016) . GABA B1 exits the ER only after the bound PRAF2 is displaced by GABA B2 . The assembled heterodimer then progresses to the Golgi apparatus, and in turn the cell surface where the receptor can function (Doly et al., 2016) .
Two critical determinants of receptor trafficking are found within the GABA B1 cytoplasmic tail: the di-leucine internalization signal (EKSRLL) (Margeta-Mitrovic et al., 2000; Restituito et al., 2005) and the ER retention signal (RSRR) Margeta-Mitrovic et al., 2000; Pagano et al., 2001 ). The former reduces the level of GABA B1 expression on the cell surface, while the latter completely eliminates it (Margeta-Mitrovic et al., 2000) . The internalization sequence lies within a coiled-coil region in the intracellular domain (Fig. 1A) . It is directly blocked by the formation of a coiled-coil heterodimer between the GABA B1 and GABA B2 subunits as shown by the heterodimer crystal structure (Burmakina et al., 2014) (Fig. 3) . The retention signal does not exist inside the coiled-coil region itself, but rather a few residues away from the Cterminal end of the motif. Nevertheless, mutations of the coiledcoil interfacial residues in either subunit prevent GABA B1 from expressing on the surface (Burmakina et al., 2014; MargetaMitrovic et al., 2000) . Although the heterodimeric coiled-coil interface does not seal the retention signal, it prevents access to the motif through steric hindrance (Burmakina et al., 2014) .
Signaling complex
GABA B receptor is unique in possessing auxiliary KCTD subunits to generate functional diversity in neurons . Four different KCTD molecules (numbered 8, 12, 12b and 16) affect GABA B receptor activity (Bartoi et al., 2010; Schwenk et al., 2010) . All of these KCTD proteins are constitutively bound to the intracellular domain of GABA B2 subunit, and expedite agonistdependent receptor activation by pre-anchoring the G protein to the GABA B receptor TM domain (Schwenk et al., 2010; Turecek et al., 2014) . Aside from this function, each KCTD has its own role within the GABA B receptor signaling complex . Within seconds after receptor activation, KCTD12
and KCTD12b attach to the bg subunits of G protein, and disengage the structures from their target GIRK channel (Turecek et al., 2014) . This action desensitizes the receptor and ceases hyperpolarization of the neuron (Schwenk et al., 2010; Seddik et al., 2012; Turecek et al., 2014) . In addition, KCTD8 decreases basal G protein activation and agonist-independent GABA B receptor signaling (Rajalu et al., 2015) . Finally, KCTD16 provides a template for binding effector channels such as the hyperpolarization-activated cyclic nucleotide gated (HCN) channels (Schwenk et al., 2016) . Threedimensional structures of GABA B receptor-associated KCTD proteins are not yet known. Once available, the structural information will provide important insights on how KCTD subunits allosterically modulate agonist affinity, G protein activation, and receptor desensitization.
Activation mechanism
Like their class A counterparts (Manglik and Kobilka, 2014) , class C GPCRs exist in a conformational equilibrium between resting and active states in the absence of ligands (Kniazeff et al., 2011; Pin and Bettler, 2016) . Agonists drive the equilibrium toward active states, while antagonists enhance the inactive states. The ensemble of conformations can be further stabilized by various allosteric modulators. Activation is associated with conformational transitions within the receptor structure (Fig. 3) . In this section, we discuss the similarities and differences in the conformational states of various class C GPCRs.
For all class C GPCRs, the first step of receptor activation involves agonist-triggered closure of the extracellular VFT module. For GABA B receptor, this event only occurs in the ligand-binding subunit, GABA B1 (Geng et al., 2013) . In the case of mGlu receptors, closure of one protomer is sufficient to induce the active conformation, although full activation requires both VFT modules of the homodimer to be occupied and closed (Kniazeff et al., 2004; Kunishima et al., 2000; Tsuchiya et al., 2002) . The significance of dual-VFT closure on mGlu receptor activation is further demonstrated in mGlu2-mGlu4 heterodimers, where mutations that prevent agonist binding to either subunit only result in partial activation . Structural evidence also suggests that the active state of CaS receptor homodimer (Geng et al., 2016; Zhang et al., 2016) and TAS1R2-TAS1R3 heterodimer (Nuemket et al., 2017) involve both their protomers in the closed conformation.
The known crystal structures of class C GPCR VFTs do not include attached TM domains, therefore current conformational data may not accurately reflect the dynamics of extracellular domains in fulllength receptors. Nevertheless, compelling mechanisms of signal transduction can still be postulated. Structural comparison indicates that GABA B and CaS receptors share a common agonistdependent activation mechanism, although the design of CaS receptor is typically homodimeric (Geng et al., 2013 (Geng et al., , 2016 . First, the extracellular portions of both receptors dimerize through their Nterminal LB1 domains ( Fig. 5A and B) . The LB1-LB1 dimer interface remains relatively static throughout the activation process since agonist binding only induces a small 5 -rotation in the orientation of this interface (Fig. 5A and B) . The near-constant angle between LB1 domains in GABA B receptor heterodimer is further evidenced in recent FRET studies of full-length receptor, where a negligible change in distance between the N-termini of GABA B1 and GABA B2 was detected Scholler et al., 2017) . These observations suggest that the functional role of LB1-LB1 interaction in GABA B and CaS receptors is to facilitate dimerization between receptor subunits.
Second, receptor activation is associated with a wider range of movements between the membrane proximal domains. In the GABA B receptor heterodimer, the LB2 domains of both subunits approach each other until a critical heterodimer interface forms (Fig. 5A) . Functional analysis indicates that development of the LB2-LB2 interface is both necessary and sufficient to initiate G protein coupling (Geng et al., 2013; Rondard et al., 2008) . CaS receptor enters a similar arrangement, but its interface is more extensive (Fig. 5B) . CaS receptor possesses a cysteine-rich (CR) domain immediately below the LB2 domain, as do all class C GPCRs except GABA B receptor (Kniazeff et al., 2011; Pin and Bettler, 2016) . In the active state, the LB2 domain of each CaS receptor protomer forms contacts with residues on the LB1, LB2, and CR of the other protomer. Contraction of LB2 domains toward each other causes the CR domains to dimerize as well. The CR domain mediates signal transduction from the VFT to the TM domain, and the CR-CR interface is mandatory for CaS receptor activation Hu et al., 2000) .
The mGlu group of receptors consists of eight subtypes, and has been the best-studied of all class C GPCRs (Niswender and Conn, 2010; Pin and Acher, 2002) . Extensive knowledge of mGlu receptor conformational dynamics have been obtained through x-ray crystallography and FRET spectroscopy (Christopher et al., 2015; Dore et al., 2014; Doumazane et al., 2013; Hlavackova et al., 2012; Huang et al., 2011; Kunishima et al., 2000; Levitz et al., 2016; Marcaggi et al., 2009; Muto et al., 2007; Olofsson et al., 2014; Scholler et al., 2017; Tateyama et al., 2004; Tsuchiya et al., 2002; Vafabakhsh et al., 2015; Wu et al., 2014; Xue et al., 2015) . The mGlu receptors differ from GABA B and CaS receptors in the role of LB1-LB1 interaction during receptor activation. Crystallographic analysis finds that transition between the resting and active configurations causes a 70 -rotation in the LB1-LB1 homodimer interface of mGlu receptors (Kunishima et al., 2000; Muto et al., 2007; Tsuchiya et al., 2002) (Fig. 5C ). This large relative movement of mGlu LB1 domains is independently detected in FRET studies where a donor or acceptor fluorophore is tagged onto the Nterminal end of each protomer (Doumazane et al., 2013; Levitz et al., 2016; Olofsson et al., 2014; Scholler et al., 2017; Vafabakhsh et al., 2015) . The inactive state produces a high FRET level, while the active state shows low FRET efficiency. These findings indicate an increase in the distance between the N-termini of protomers upon receptor activation.
The contrast in LB1-LB1 movement of mGlu and GABA B receptors may be explained by the different properties of their dimer interfaces. The mGlu LB1 domains are largely joined together by hydrophobic contacts (Kunishima et al., 2000) . GABA B receptor, however, employs hydrogen bonds in addition to nonpolar contacts (Geng et al., 2013) . The combination of ionic and hydrophobic interactions may have limited reorientation of the LB1-LB1 interface in GABA B receptor. On the other hand, the LB1-LB1 interface of CaS receptor may be locked through additional interaction that is unique to this receptor. In addition to the interface formed by two central LB1 helices, as in mGlu and GABA B receptors, the LB1-LB1 homodimer of CaS receptor is held in place by an "embrace" extended from an arm-like long loop of each subunit to its partner (Geng et al., 2016) .
Although the LB2 domains of mGlu receptors have not been shown to form an extensive interface during activation, they do draw closer to each other, as demonstrated in crystal structures (Kunishima et al., 2000; Muto et al., 2007; Tsuchiya et al., 2002) and by FRET analysis (Doumazane et al., 2013; Vafabakhsh et al., 2015) (Fig. 5C ). Electrostatic interactions between the LB2 domains help stabilize the active conformation (Levitz et al., 2016; Vafabakhsh et al., 2015) . Furthermore, the potentially repulsive interaction between an acidic patch on the surface of this domain is alleviated by metal cation in the active state (Tsuchiya et al., 2002) . Finally, similar to CaS receptor, a precise association between the CR domains of mGlu receptors has been shown by disulfide crosslinking experiments to lead to full receptor activation (Huang et al., 2011) .
The conformational phases of class C TM domains are still at the frontier of research. Our current knowledge is mostly drawn from crystal structures of mGlu1 and mGlu5 TM domains in the inactive state (Christopher et al., 2015; Dore et al., 2014; Wu et al., 2014) , as well as FRET analysis on GABA B This discrepancy stems from an inward shift of TM5 and TM7 helices compared to those in class A structures (Christopher et al., 2015; Dore et al., 2014; Wu et al., 2014) . In general, class C TM domains have extracellular regions that lack congruency with class A, as opposed to their intracellular ends which more closely match class A when superimposed (Dore et al., 2014) . This may be related to the structural constraints imposed by conserved G protein (E, F) Ca traces of inactive (E; PDB code: 1EWT) and active (F; PDB code: 1EWK) mGlu1 VFT structures. For each structure, the structural elements at the dimer interface is highlighted by cartoons. The right panel shows a detailed view of the LB1-LB1 dimer interface; the angle between a pair of helices at this interface is marked. This figure was adapted from Figure 3 e figure supplement 1 of Geng et al. (2016) .
coupling on the intracellular portion (Dore et al., 2014) .
The class C GPCRs also possess variants of the structural motifs found in class A receptors that regulate receptor function. One of these conserved motifs is the ionic lock (Hofmann et al., 2009; Rosenbaum et al., 2009) . In both receptor families, it involves a salt bridge between a pair of basic and acidic residues that tethers TM3 and TM6 at the intracellular end (Dore et al., 2014; Hofmann et al., 2009; Kniazeff et al., 2011; Pin and Bettler, 2016; Rosenbaum et al., 2009; Wu et al., 2014) . The ionic lock maintains the inactive conformation of the TM domain by preventing outward movement of TM6 to expose the G protein-binding site at the intracellular end. The interaction in class A receptors is formed by Arg of the D/ERY motif in TM3 with an acidic residue in TM6 (Hofmann et al., 2009; Rosenbaum et al., 2009) . In class C receptors, the salt bridge is observed between a Lys residue in TM3 and a Glu or Asp residue in TM6 (Binet et al., 2007; Christopher et al., 2015; Dore et al., 2014; Pin and Bettler, 2016; Wu et al., 2014) . The ionic lock is further secured by a hydrogen bond between the Lys residue and a Ser residue from intracellular loop 1 (Christopher et al., 2015; Dore et al., 2014; Wu et al., 2014) .
A second conserved motif in class A GPCRs is the NPxxY sequence found at the juncture of TM7 and TM8 (Hofmann et al., 2009; Rosenbaum et al., 2009) . The conserved Tyr residue in this motif undergoes conformational change to fill the gap generated by the lateral movement of TM6 during activation (Hofmann et al., 2009; Rosenbaum et al., 2009) . The class C receptors feature an analogous motif, F/Y/HxPKxY, at the intracellular end of TM7 (Dore et al., 2014) . The conserved Lys and Phe residues in the class C sequence are located at positions equivalent to Tyr in class A motif, and may play a similar role in stabilizing the active conformation (Dore et al., 2014) .
A third motif involves the toggle switch and consists of the conserved FxxCWxP sequence in TM6 of class A GPCRs (Hofmann et al., 2009; Rosenbaum et al., 2009 ). Rotamerization of Trp in combination with a kink caused by Pro facilitates the outward movement of TM6 upon activation (Hofmann et al., 2009; Rosenbaum et al., 2009) . A conserved Trp residue is found at the corresponding position in class C receptors, and lines the allosteric site in mGlu1 and mGlu5 TM structures (Christopher et al., 2015; Dore et al., 2014; Wu et al., 2014) . The conformation of this Trp residue is a determining factor of the size and shape of the allosteric pocket (Christopher et al., 2015; Dore et al., 2014) .
During activation of class C GPCRs, the contraction of extracellular structure would force the TM domains to rearrange within the dimer. FRET measurements reveal a shift in the orientation and distance between TM domains in both GABA B and mGlu receptors by tracking the intersubunit movement between intracellular loops (Hlavackova et al., 2012; Marcaggi et al., 2009; Matsushita et al., 2010; Tateyama et al., 2004) and between extracellular loops . In addition, a recent study uses a combination of disulfide crosslinking and FRET techniques to determine the location of dimer interfaces within the mGlu receptor TM domain (Xue et al., 2015) . It shows that covalently crosslinking TM4 and TM5 together results in a non-functioning receptor, suggesting that TM4 and TM5 form a dimer interface in the inactive state. On the other hand, a receptor with a permanently attached TM6 pair displays constitutive activity, indicating that TM6 mediates dimer interaction in the active state.
Taken together, a common theme of class C GPCR activation involves agonist-induced closure of extracellular VFT followed by union of membrane-proximal domains. These changes are accompanied by a decrease in separation between the C-terminal ends of the extracellular domains, which subsequently modify the relationship between the TM regions for receptor activation. In addition, an intermediate state has been detected in mGlu receptor by FRET, and likely involves one agonist-bound VFT (Vafabakhsh et al., 2015) . It remains to be seen whether this is a universal feature of class C GPCRs.
Conclusion
The recent structures of GABA B receptor components combined with extensive functional studies have improved our understanding of the relationship between ligand binding and conformational changes in the heterodimeric complex. To visualize how these events are eventually translated into transmembrane signaling, we will ultimately need three-dimensional structures of the full-length receptor in multiple conformational states, and in complex with auxiliary subunits and downstream signaling molecules. The insights obtained from these studies will aid the design of valuable therapeutic agents for GABA B receptor-related neurological diseases. 
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